The first reported evidence for an FEO in the mammalian CTS can be traced to the seminal observation of Richter (1922) that rats fed one meal a day increased activity before mealtime. Work during the past 40 years has extended Richter's initial observation by demonstrating that animals with restricted access to food exhibit marked and coordinated increases not only in locomotor activity, but in a host of other physiological and endocrinological variables, including body temperature, wakefulness, duodenal disaccharases, plasma ACTH/corticosteroids, ketones, and free fatty acids in anticipation of feeding time, i.e., preprandial elevations (Bolles and Stokes 1965; Krieger 1974; Nelson et al. 1975; Escobar et al. 1998; Stephan 2001; Gooley et al. 2006) . The ability of limited food access to modulate potently the behavior and physiology of animals is perhaps not surprising when one considers the adaptive advantage of being able to predict the timing of food availability, i.e., optimal foraging. Some progress has been made in recent years in an effort to delineate (1) the locus of FEO, (2) afferent pathways mediating food entrainment, and (3) the molecular underpinnings of the FEO, but major gaps remain in our knowledge. We review here the earlier literature, in which investigators attempted to identify a site for the FEO mainly with lesions and which pinpoint the dorsomedial nucleus of the hypothalamus (DMH) as having a critical role. We then discuss the recent evidence that the DMH has a central role not only in a restricted feeding schedule (RFS), but also in light-entrained circadian rhythms, and thus is well placed to override the SCN signal, as its downstream effector site. We then review recent developments that have demonstrated that the DMH does not have appreciable cycling of clock genes when animals are fed ad libitum, but that the canonical clock genes are induced in the DMH, and continue to cycle, under conditions of an RFS.
rhythms when isolated from environmental time cues, transients following phase-shifts, and phase-control, i.e., phase stability following removal of a periodic forcing signal (Bolles and Stokes 1965; Stephan et al. 1979; Boulos et al. 1980; Stephan 1986 Stephan , 2001 Mistlberger 1994) . Despite sharing similar properties, however, foodand light-entrainable circadian rhythms are not thought to be subserved by a common neural oscillator. For example, neurons of the SCN of the hypothalamus act as a light-entrainable oscillator, receiving synchronizing light input from the external light-dark cycle via the retinohypothalamic tract (RHT) and conveying, through both neural and humoral outputs, temporal information to other organ systems (for review, see Van Esseveldt et al. 2000) . Lesions of the SCN disrupt virtually all neurobehavioral and physiological rhythms, a notable exception being the feeding rhythm (Moore and Eichler 1972; Krieger et al. 1977; Stephan et al. 1979; Stephan 1981; Moore-Ede et al. 1982; Edgar et al. 1993) . Separate food-and lightbased oscillators are also indicated by that have demonstrated that the rhythms of SCN clock gene expression and electrical activity remain entrained to the light-dark cycle during restricted feeding (Kalsbeek et al. 1998; Damiola et al. 2000; Hara et al. 2001; Stokkan et al. 2001; Wakamatsu et al. 2001; Schibler et al. 2003 ). Thus, available data support the concept that two separate oscillators, a light-entrainable oscillator in the SCN and a foodentrainable oscillator with an unknown neuroanatomical basis, subserve the CTS.
THE LOCUS OF THE FEO
An intensive experimental search for the neural/peripheral basis of the FEO began nearly 20 years ago. Remarkably, lesions of hypothalamic nuclei (anterior, suprachiasmatic, preoptic, periventricular, subparaventricular, paraventricular, lateral) , extrahypothalamic locations (neocortex, accumbens, hippocampus, amygdala, area postrema), and the hypothalamic-pituitary-adrenal (HPA) axis (median eminence, hypophysis, adrenal gland) have failed to block entrainment to temporally restricted windows of food availability (Krieger et al. 1977; Krieger 1980; Inouye 1982; Mistlberger and Rechtschaffen 1984; Davidson and Stephan 1999; Davidson et al. 2000; Mistlberger and Mumby 1992; Mistlberger and Rusak 1998; Stephan 2001; Mistlberger et al. 2003) . In contrast, lesions including the ventromedial nucleus of the hypothalamus (VMH), the parabrachial nucleus (PBN), and most recently, the DMH, have been reported to produce long-lasting deficits in food entrainment (Inouye 1982; Mistlberger and Rechtschaffen 1984; Davidson et al. 2000; Gooley et al. 2006; Landry et al. 2006) . We focus primarily on a more detailed analysis of the different lesion experiments that have claimed to find impairment of food entrainment.
In the first of the lesion experiments yielding "positive" results, Inouye (1982) found that lesions of the VMH impaired food entrainment. However, later work by Mistlberger and Rechtschaffen (1984) showed that rats sustaining large electrolytic lesions of the VMH recovered the ability to entrain by 14-21 weeks postlesion. More recently, Landry et al. (2006) placed large lesions in the DMH (which also involved the VMH to varying degrees) and found that the animals continued to exhibit anticipatory activity (in the form of food bin approaches, see below) under restricted feeding conditions, suggesting that like the VMH, the DMH is not the site of an FEO. These findings by Landry et al. must, however, be compared with the recent study by Gooley et al. (2006) , who performed cell-specific lesions of the DMH and correlated the percentage of cell loss in the DMH and VMH with the amplitude of the anticipatory increases in wakefulness, body temperature, and locomotor activity. Whereas all of the measured response variables, i.e., waking, body temperature, and activity, increased sharply 3-4 hours before mealtime in nonlesioned animals (and persisted for two circadian cycles under fasted conditions), cell-specific lesions of the DMH, but not VMH, blocked these anticipatory increases. Moreover, by including incomplete and partial lesions in their analysis, were able to demonstrate that the loss of entrainment to the food stimulus was directly proportional to the loss of DMH neurons. In the same experiment, VMH lesion controls were done and the correlations analysis revealed little if any dependent effect of food entrainment on surviving VMH neurons.
The disparate findings between the two investigator groups highlight the importance of incorporating into the analysis the effects of lesions on neighboring cell groups and their connections. Studies using electrolytic lesions are further confounded by tissue distortion, which makes it very difficult to do cell counts on the remaining neurons, and of course, the degree of damage to pathways connecting them to other structures cannot be assessed. Hence, the use of rigorous cell counting and multivariate statistics for analyzing cell-specific lesions adds a level of accuracy that cannot be achieved with electrolytic lesions. For example, as Landry et al. (2006) suggest, the small effects of lesions of the paraventricular hypothalamus or lateral hypothalamus on entrainment of food bin approaches, but not general locomotor activity, may be explained by inadvertent damage to adjacent structures, including the DMH.
Another difference in these studies that requires careful analysis is the method of assessing circadian output. In the Gooley et al. (2006) study, this was done by measuring body temperature and general locomotor activity, both recorded by implanted telemetric devices. These outputs are unrelated, in general, to the animal's food acquisition behavior and hence reasonable measures of overall circadian rhythms in a wide range of biological variables. In the Landry et al. (2006) study, the circadian behavior of the animals was measured in two ways: by nose pokes into the food bin and by breaks in a beam across the exit from the animal's tunnel-like housing at one end of the cage, between the housing and the food dish. The number of nose pokes during the light period was so small that in the end, this measure was not used (i.e., the animals determined whether there was food in the bin without performing nose pokes). Hence, the observation depended on the number of times the animal moved out of its tunnel into the cage. Importantly, then, movement out of the tunnel becomes part of the food approach behavior (animals cannot get to the food dish to inspect it without breaking the light beam). Animals under restricted feeding conditions are naturally quite hungry following a 16-hour fast, and it is to be expected that they will sleep less during that light cycle and that when they wake up, they will look to the food dish to see if there is food. This is not necessarily food entrainment of circadian rhythms, as the animal has a cue (its hunger and light if the feeding conditions are done under a lightdark cycle) and should have intact memory of where and when it last found food. In this paradigm, to avoid the confound of the animal simply looking for food when it is hungry, where and when it remembers the food to have been, it would be more accurate to measure an unrelated circadian output to determine the effects of the manipulation on circadian rhythms.
A counterargument might be that the animals continued to show anticipatory food approach behavior during a 72-hour fast following food restriction, suggesting an intact oscillator system. However, the degree of this anticipation was modest compared to the time the food was actually presented, and the animals would also still have intact peripheral biological clocks, such as ghrelin-releasing cells in the stomach, which might entrain to the new feeding cycle. Thus, again, use of a food-related output should be avoided when measuring the response of circadian rhythms to a food-restriction stimulus.
Similarly, for a small mammal to eat, it must first find food. Hence, foraging, to a rat, is the first component of feeding behavior. Other behaviors related to foraging, such as running (e.g., in a running wheel), are intrinsically related to food seeking. Although the original description of food-anticipatory activity in rats by Richter (1922) was measured with wheel running, we now know that circadian influences pervade all aspects of physiology and behavior. Hence, we would argue that food bin approaches, wheel running, and any other behavior that might be related to food seeking in rats should be avoided nucleus, the lateral hypothalamic orexin neurons, or the medial preoptic area) are surprisingly meager, suggesting that the clock input to these vital functions must be relayed by some intermediate structure(s). The major output pathway from the SCN leaves the nucleus along its dorsal border and arches back through the medial hypothalamus, passing just beneath the paraventricular nucleus and terminating in the DMH ). There are numerous synaptic boutons all along this pathway, suggesting that it may play an important part as a relay.
The region above the SCN and below the paraventricular nucleus that receives these outputs was named by the subparaventricular zone (SPZ). Lu et al. (2002) placed cell-specific cytotoxic lesions along this pathway to determine their effects on circadian rhythms. They found that lesions of the ventral SPZ (just above the SCN) caused loss of circadian rhythms of wake-sleep and locomotor activity but had minimal impact on body temperature rhythms. Conversely, lesions of the dorsal SPZ (just below the paraventricular nucleus) impaired circadian rhythms of body as a confounded measure in future work on food entrainment of circadian rhythms.
A second set of experiments that should be reviewed are those by Davidson et al. (2000) , who studied the effects of both cell-specific ibotenic acid lesions and electrolytic lesions of the PBN on food entrainment. They reported that there was loss of both food bin approaches and an increase in body temperature in anticipation of restricted feeding. However, the body temperature effects were only measured in animals with electrolytic lesions. A much smaller study, using ibotenic acid lesions by Gooley et al. (2006) , was unable to replicate the effects of parabrachial lesions on entrainment of either body temperature or general activity levels during an RFS. It is possible that the latter lesions may have been too small (although some of them were quite extensive), but in the absence of careful analysis of which parabrachial subnuclei, and which surrounding structures were involved in each animal, it is difficult to compare the results. In addition, it is possible, for the same reasons as the Landry et al. (2006) study reviewed above, that the use of food bin approaches as a measure of circadian rhythm of behavior may represent a confound in the Davidson et al. (2000) ibotenic acid lesion experiments. The electrolytic lesion experiments, in contrast, may involve body temperature rhythms by damaging an ascending or descending pathway (see last section).
To summarize, the current data based on analysis of cell-specific lesions, in which the actual locus of the cell injury can be assessed, provide strong support for the DMH having a critical role in entraining a wide range of basic behaviors to food restriction. DMH lesions by Gooley et al. (2006) demonstrated that the loss of a specific structure completely eliminates preprandial rises in all (measured) physiological and behavioral variables. At a minimum, these data firmly establish a critical role for the DMH in the expression of multiple SCN-generated rhythms in behavior and physiology. Taken together and coupled with the fact that the DMH receives input from systems that monitor food intake, energy balance, and food availability (Thompson and Swanson 1998; Elmquist et al. 1999) , this makes the DMH, from a neuroanatomical perspective, uniquely poised to act as a hypothalamic "integrator" for circadian rhythms (Fig. 1 ) (Saper et al. 2005) . The evidence for the role of the PBN, and other possible sources such as the nucleus of the solitary tract, requires further assessment. However, such experiments should use measures of circadian physiology or behavior that avoid contamination by food seeking.
INTERACTION OF THE FEO AND SCN: THE CIRCADIAN INTEGRATOR HYPOTHESIS
If the FEO can override the SCN in shaping many circadian rhythms, it must be able to interact with the SCN output pathway. For this reason, it is important to review recent advances that have elucidated how SCN signals regulate many circadian rhythms.
The outputs from the SCN to the cell groups in the brain that are concerned with regulating wake-sleep, feeding, and thermoregulation (e.g., the ventrolateral preoptic temperature but not wake-sleep or locomotion. In each case, the loss of circadian rhythms showed a strong and statistically significant correlation with cell loss in the corresponding area. This double dissociation means that neurons in the ventral SPZ must be critical for relaying SCN output necessary for circadian regulation of locomotor activity and wake-sleep cycles, whereas neurons in the dorsal SPZ must relay information necessary for body temperature rhythms.
Because wake-sleep, locomotor, and body temperature rhythms are usually viewed as intertwined (sleep occurs during the falling phase of body temperature, and locomotor activity generates body heat), this result was quite surprising. However, examining the data carefully, this discrepancy can be explained by the emergence of robust ultradian rhythms (with a 3-4-hr period) in animals with impairment of circadian rhythms. In other words, sleep still occurred predominantly in the falling phase of ultradian temperature variations in animals with ventral SPZ lesions, but this was now distributed across the circadian day, instead of being consolidated in the light period.
The SPZ, however, like the SCN, has relatively little output to the hypothalamic cell groups that regulate wakesleep, feeding, or thermoregulation. By placing injections of an anterograde tracer into the ventral SPZ, Chou et al. (2003) were able to show that it projects heavily to the DMH. Injections of retrograde tracer into the DMH showed that the ventral SPZ contains about two to three times as many retrogradely labeled neurons as does the SCN itself. Thus, the ventral SPZ sits above the SCN and acts as an amplifier, reinforcing the SCN output to the DMH. Chou et al. (2003) assessed the role of the DMH in shaping circadian rhythms by placing cell-specific cytotoxic lesions in the DMH. They found that the lesions caused the loss of circadian rhythms of sleep-wake, locomotion, feeding, and corticosteroid secretion. Interestingly, the levels of wake time, locomotor activity, and corticosteroid secretion were reduced overall. The levels of locomotor activity and corticosteroid secretion stayed at all times at the lowest level of the usual circadian cycle, suggesting that the role of the DMH is mainly to augment the arousal, locomotor, and corticosteroid secretion drives during the on period. The level of secretion of melatonin, in contrast, remained tightly fixed to the light-dark cycle and did not change at all. This observation correlates with the observation that melatonin secretion is driven by direct inputs from the SCN to the paraventricular nucleus, which drives sympathetic input to the pineal gland, whereas the SCN has minimal projections to the output areas controlling wake-sleep, thermoregulation, or corticosteroid secretion.
The DMH, in contrast, was found to have abundant projections to the ventrolateral preoptic nucleus, the lateral hypothalamus, the paraventricular nucleus, and the medial preoptic area (Thompson et al. 1996; Chou et al. 2003) . The projection to the ventrolateral preoptic nucleus was predominantly GABAergic and that to the lateral hypothalamus predominantly contained glutamate or thyrotropin-releasing hormone (both excitatory) (Chou et al. 2003) . Thus, the DMH is well positioned to be the final common output site for regulating many circadian rhythms, receiving the bulk of the outflow of the SCN and SPZ and supplying abundant input to the target areas necessary to control circadian rhythms.
AFFERENT AND EFFERENT PATHWAYS OF THE FEO
Beyond the anatomical locus of the FEO, at present, very little is understood regarding the afferent and efferent pathways mediating food entrainment. For the former, both neuronal and humoral inputs have been evaluated, with no candidate pathway yet identified. For example, food anticipatory responses are still intact following subdiaphragmatic vagotomy (to remove vagal inputs) and capsaicin-induced visceral deafferentation (to eliminate nonvagal visceral afferents) (Moreira and Krieger 1982; Comperatore and Stephan 1990; Davidson and Stephan 1998) . Additional studies have demonstrated that olfactory (Coleman and Hay 1990; Davidson et al. 2001 ) and gustatory cues are not necessary for entrainment to restricted feeding. Collectively, these observations suggest humoral signals are communicating gut information (presumably to reflect feed intake), although as yet, no candidate factor has been identified. Both leptin and ghrelin, which signal energy status, and the major hypophyseal hormones, e.g., GH and TSH, have been ruled out as the sole signal (Davidson and Stephan 1999; Mistlberger and Marchantt 1999; Gooley et al. 2006) . One of the few functional experiments to find loss of food entrainment involved use of nonnutrative feeding (Mistlberger and Rusak 1987) . Thus, animals fed a nonnutrative (but palatable) diet, even with artificial sweeteners such as saccharin, fail to entrain to the stimulus (Mistlberger and Rusak 1987; Stephan and Davidson 1998) . Hence, some feature of the nutritive value of the food must be signaled to the brain, but the mechanism of action remains unknown (and may involve multiple pathways). Finally, it is also possible that the FEO may be driven by multiple pathways and that the elimination of any one of them may be insufficient to prevent food entrainment. This problem will be easier to approach, however, once the site of the FEO is established.
Because the locus of the FEO is unknown, there is a paucity of data available regarding the efferent pathways by which phase information is communicated to peripheral tissues, although there is some, albeit conflicting, evidence that the orexin/hypocretin system of the lateral hypothalamus may have a role (Akiyama et al. 2004; Mieda et al. 2004) . Glucocorticoid signaling has also been suggested to have a role in the entrainment of peripheral tissue oscillators to restricted feeding, but the glucocorticoid receptor is dispensable for entrainment of liver clock genes, and repeated daily injections of corticosterone (at a time approximating the hormone peak in food-restricted animals) also do not phase-shift liver clock gene expression (Balsalobre et al. 2000; Le Minh et al. 2001) . It also remains possible that "food signals" function independently (at the level of the individual tissues, perhaps) of the FEO to entrain peripheral tissues. As an example, feeding may influence gene expression more directly in peripheral organs. Because the redox state of the cell, i.e., metabolic state, is thought to strongly influence the ability of CLOCK/BMAL1 and NPAS2/BMAL1 (see below) to bind DNA E-box elements, it is possible that high/low fuel, e.g., glucose titers, influences cell circadian gene expression directly (Rutter et al. 2001) . However, because the SCN is phase-refractory to RFS, the phenomenon of redox state control of gene expression must be exclusive to other tissue oscillators (Damiola et al. 2000) .
THE MOLECULAR FEO
The presence and circadian expression of clock genes has been documented in many central nervous system (CNS) nuclei and extra-CNS tissues (Yamazaki et al. 2000; Abe et al. 2002; Yamamoto et al. 2004 ). For example, the presence and circadian expression of mBmal1, mNpas2, mRev-erbα, mDbp, mRev-erbβ, mPer3, mPer1, and mPer2 (given in the temporal order of the rhythm peak) has been demonstrated in mouse heart, lung, liver, stomach, spleen, and kidney (Yamamoto et al. 2004) . Unlike the SCN, however, these peripheral oscillators are not self-sustaining, because without periodic forcing (by unknown mechanisms) by the SCN, peripheral tissue oscillators show evidence of damping of circadian gene expression (Yamazaki et al. 2000) . Nevertheless, the observation of similar constituent genetic elements and the phase angle of mRNA accumulation in peripheral tissues to those of the SCN strongly suggests conservation of function for the canonical clock genes in generating circadian rhythmicity in extra-SCN tissues (Yamazaki et al. 2000; Yamamoto et al. 2004 ). As previously indicated, and consistent with the neurobehavioral and physiological observations from SCN-lesioned animals, i.e., survival of food-entrainable rhythms, it has been demonstrated that RFS does not alter the regulation (i.e., phasing) of clock genes in the SCN (Damiola et al. 2000) . However, placing mice on an RFS does alter clock gene expression (e.g., Per1 and Per2) in the liver of both intact and SCN-lesioned mice (Damiola et al. 2000; Hara et al. 2001) . It has been similarly demonstrated in transgenic (Period1-luciferase) rats that during restricted feeding, the SCN remains phase-locked to the light-dark cycle, whereas the liver and other organs synchronize clock gene expression to the RFS (Stokkan et al. 2001) . Thus, the RFS uncouples circadian oscillations in peripheral tissues from the SCN. Despite these important observations, it has yet to be determined if the RFS-induced phase-shift of peripheral clock gene rhythms requires input from an endogenous clock (FEO) or is based on food metabolites/signal(s).
Operating under the assumption of functional clock gene conservation, several investigators have used circadian clock mutants to determine if the canonical circadian clock genes govern FEO rhythm generation. As an example, it was reported recently that the circadian rhythm of food-anticipatory activity is altered in cryptochrome-deficient (mCry1 -/-mCry2 -/-) mice (Iijima et al. 2005) . Here, it was demonstrated that mCry-deficient mice are slower to establish a stable phase relationship with the RFS and exhibit more variable phase-control (as assessed during two circadian cycles of food deprivation subsequent to entrainment to the RFS). A close examination of the data reveals, however, that the mCry proteins are ultimately not necessary for the RFS-induced anticipatory activity, and it can thus be concluded that the mCry proteins are not necessary for entrainment of the FEO. Another important study evaluated the ability of the homozygous Clock mutant (Clk/Clk) mouse to entrain to an RFS . Here, the authors demonstrated that Clk/Clk mutants not only entrained to the RFS, but also had a somewhat enhanced response to RFS. These authors thus proposed that (1) Clk/Clk mice may have a more effective FEO and (2) the Clock gene is dispensable for entraining the FEO. Although these findings suggested that the FEO was not a CLOCK-based oscillator (and hence unlike the SCN), it remained possible that the core components of the FEO and SCN are, with the exception of clock, identical. This is because another heterodimeric binding partner for BMAL1 (to drive the positive arm of transcription) is expressed in extra-SCN areas. This "other" binding partner, neuronal PAS domain protein 2 (NPAS2) is a paralog of clock (Garcia et al. 2000; Reick et al. 2001) . Recently, it was reported that mice lacking NPAS2 do demonstrate significant deficits in entraining to an RFS, suggesting a possible role for NPAS2 in the molecular entrainment of the FEO (Dudley et al. 2003) . Importantly, however, NPAS2 (-/-) mice do eventually exhibit entrainment to an RFS. However, these animals still have an intact Clock gene, which may be able to compensate for NPAS2 loss by interacting with BMAL1. This observation nevertheless highlights the need to evaluate NPAS2 expression in the DMH, as it may be a key component of the molecular algorithm for circadian rhythm generation in the FEO. Finally, a very recent study has reported that Per2 mutant mice do not show food anticipation (Feillet et al. 2006) . Ultimately, understanding which clock genes are expressed in the DMH during restricted feeding will be useful in determining how feeding enables this entrainment.
Although previous studies of clock gene mutant mice, with the exception of Per2 mutants, have failed to identify a single mutation that could eliminate FEO, this may be because all of the clock genes examined so far have active paralogs that may substitute in a clock cycle. We therefore have been evaluating the ability of BMAL1/Mop3 null clock mutants to entrain to an RFS. BMAL1 has no functional paralog, and BMAL1 (-/-) mice have not, to date, been tested for deficits in food entrainment. The BMAL1 (-/-) mutant mouse is completely arrhythmic under ad lib feeding and demonstrates significant decrements in entrainment to light/dark cycles, demonstrating the absolute requirement for BMAL1 in generating and maintaining SCN-driven circadian rhythms (Bunger et al. 2000) . Recent pilot data (P.M. Fuller and C.B. Saper, unpubl. 2006) suggest that BMAL1 (-/-) mutants do not entrain to an RFS (i.e., no preprandial elevations in body temperature or generalized locomotor activity), and thus, it is likely that a BMAL1-based clock is necessary for FEO function.
IS THE DMH THE FOOD ENTRAINABLE OSCILLATOR?
The foregoing data indicate that the DMH is necessary for the SCN output to entrain circadian rhythms of wakesleep, locomotor activity, feeding, body temperature, and corticosteroid secretion. The first section implies that the DMH is also necessary for animals to adapt to an RFS. Although these data do support a role for the DMH in food entrainment of circadian rhythms, these studies do not definitively establish the DMH as the FEO of the CTS. For example, it is possible that an upstream oscillator provides inputs to the DMH that drives food-entrainable rhythms, including DMH c-Fos expression. Conversely, it is possible that the DMH may function as a requisite relay in the afferent limb of the food entrainment pathway, providing input to another brain region (i.e., located downstream) functioning as the FEO. Thus, to firmly establish the DMH as an FEO of the CTS, we must determine if the DMH fulfills the molecular requirements of an oscillator. For example, we predict that the molecular mechanisms of the DMH (as a possible FEO) are functionally conserved and mirror that of the SCN transcriptional-translational clock algorithm, with the possible exception that it may be the coinduction of NPAS2 (whose expression has never been systematically evaluated in the hypothalamus) and BMAL1, not CLOCK and BMAL1, which drives Per and Cry gene transcription.
Interestingly, recent work by Mieda et al. (2006) has provided evidence of restricted-feeding-induced clock gene expression in the DMH, providing support for the concept that the DMH may contain a functional oscillator system. They reported that although clock gene expression is common in the cortex and parts of the brainstem, it is not prevalent in the hypothalamus other than in the SCN under conditions of ad libitum feeding. However, after starving rats for 20 hours and then refeeding them, they reported the induction of Per1 and Per2 genes in the DMH and nucleus of the solitary tract, which was not present under ad libitum feeding conditions. Interestingly, these genes reached peak expression during the window of food availability, and the neurons in the DMH continued to express Per1 rhythmically for two circadian cycles during a fast following an RFS, demonstrating phase-control by the RFS. Per1 expression in the nucleus of the solitary tract was present only on the days the animals were fed, indicating the lack of an underlying oscillator system and suggesting induction based on vagal gastrointestinal signals related to feeding. Despite these compelling observations, demonstrating that the DMH is the FEO would require two additional pieces of information: Under an RFS, does the DMH express a suite of clock genes that form a self-sustained molecular oscillator and is the cycling of these clock genes in the DMH necessary to maintain food entrainment? We are currently testing this hypothesis by profiling clock gene expression in the DMH under ad lib and RFS conditions. Also interesting is the observation that Per1 and Per2 were mainly expressed in a small subnucleus, called the pars compacta of the DMH. The pars compacta cells are small and closely packed, highly reminiscent of the SCN itself. Little is known of its connections, but experiments by Thompson et al. (1996 and pers. comm.) suggest that it mainly has local connections with the adjacent output zones of the DMH, as defined above. The hypothesis would further suggest that the outputs from the compact part of the DMH must impinge upon the same output paths in the remainder of the DMH as are used by SCN inputs. In addition, these inputs must be able to override the SCN clock input. It is unlikely that they feed back on the SCN in any major way, as the SCN continues to cycle on the light entrainment schedule for many weeks during food entrainment (as long as the diet is not also hypocaloric).
FUTURE EXPERIMENTS
The availability of genetic approaches may soon allow us to determine if the clock in the DMH is both necessary and sufficient for expression of food entrainment. The experiments of Mieda et al. (2006) suggest that the food entrainment of circadian rhythms depends on the same suite of clock genes as drive the 24-hour rhythms in the SCN and other tissues. This can be tested by using animals with mutations of specific clock genes, which should have parallel effects on the SCN light-entrainable clock as well as the putative food-entrainable clock in the DMH.
In addition, as at least two clock gene mutants appear to be incapable of entrainment to restricted feeding, it may be possible to perform a rescue experiment. Current models for this approach include conditional knockins, in which the gene of interest contains a transcriptional blocker, surrounded by loxP sites. These animals would have a functional deletion of the clock gene, and this could be restored by a genetic recombination event caused by Cre recombinase. Cre recombinase could in turn be introduced into the DMH either by crossing with an animal line in which Cre was expressed under a regional promoter in the DMH or by injection with a viral vector containing the gene for Cre recombinase. Such approaches should soon allow us to test the hypothesis that the DMH clock is both necessary and sufficient for food entrainment.
